Figure 1. The Coiled-Coil Domain of Sir4 Mediates Dimerization and Interactions with Other Proteins
(A) N-terminally truncated Sir4 proteins were expressed as GST fusions for protein purification and protein interaction assays. The C-terminal half of the Sir4 protein (residues 745-1358) contains binding sites for Sir2 and Sir3. The Sir4-C1 protein (residues 1198-1358) that was crystallized has been shown to interact with a number of other proteins involved in gene silencing. Only 76 residues at the C terminus of Sir4-C1 are well ordered in the crystal, and they form a dimeric coiled coil that alone efficiently binds to Sir3 (cf. ordered segment that appears to be unfolded in solution. This unfolded segment might provide a flexible linkage between the coiled-coil protein interaction dostructure of the Sir4 fragment is typical of a coiled-coil main of Sir4 and the upstream region that binds to Sir2. dimer, with two extended ␣ helices that pack together We have identified the Sir3 binding site on the surface of in a left-handed superhelix ( Figure 1B ). The N-terminal the Sir4 coiled-coil domain by site-directed mutagenesis half of Sir4-C1 (residues 1198-1270) was not visible in and show that one Sir3 dimer is bound to the dimeric any electron density maps using the experimental and/ coiled coil of Sir4. Furthermore, we have assembled or model phases, calculated at different ranges of resoin vitro a stable complex consisting of an N-terminally lution. C-terminal residues 1347-1358 of the Sir4-C1 truncated Sir4 bound to both Sir2 and Sir3. These strucpeptide are also disordered in the electron density. The tural, biophysical, and genetic studies with model pepSir4-C1 peptide in the crystals was analyzed by SDStides and protein fragments have pinpointed specific PAGE and found to be intact and not degraded (data interactions of the Sir proteins that will be helpful for not shown). We conclude that the region immediately dissecting their cellular roles in transcriptional silencing N-terminal to the coiled-coil domain of Sir4-C1 is either and in the maintenance of genomic stability. 
Sir4 Dimerizes through a C-terminal Coiled-Coil Domain
Although its structure is typical of a coiled coil, the sequence of the Sir4 C-terminal domain is rather unWe have determined a crystal structure of the protein interaction motif from the C terminus of the Saccharousual. Coiled-coil proteins are characterized by a repeating pattern of seven residues, (abcdefg) n , with hymyces cerevisiae Sir4 protein by multiple-wavelength anomalous-scattering methods using crystals of the seldrophobic amino acids predominating at positions a and d of the heptad repeat (Burkhard et al., 2001 ). The enomethionine-containing protein (Table 1 ). The Sir4-C1 peptide that was crystallized spans amino acids a and d positions define a stripe of residues along one side of an ␣ helix that is buried by the packing together 1198-1358 of Sir4, encompassing an eleven-heptad hydrophobic repeat that was predicted to form a coiled of two ␣-helical subunits. In the coiled coil, the side chains of residues a and d (the knobs) are inserted into coil ( Figures 1A and 2A Although the Sir4 coiled coil exhibits the usual knobs folding and dimerization of the Sir4-C1 peptide. The CD spectrum of Sir4-C1 is characteristic of an ␣-helical into holes packing, its amino acid sequence does not conform to the consensus for coiled-coil dimers. The protein (Figure 3) . At a protein concentration of 2.5 M Sir4-C1 monomer, the thermal denaturation of the pepleucine heptad repeat of Sir4 populates the a position of the coiled coil (Figure 2A) , instead of the d position tide reveals a sharp transition from folded dimer to unfolded monomers, with a melting temperature (Tm) of as is characteristic of leucine zipper-style coiled coils (Alber, 1992) . Six of 11 a position residues are leucine, 33ЊC ( Figure 3A) . The folded Sir4-C1 peptide is 44% ␣ helical, judging from the deconvolution of its CD specand the remaining a residues comprise four isoleucines and a valine ( Figure 2B ). There is no obvious consensus trum collected at 4ЊC, corresponding to about 70 residues in an ␣-helical conformation (Table 2 ). This obserresidue in the d position of Sir4, which is populated by seven nonpolar residues and four polar residues spaced vation is in good agreement with the number of residues visible in the crystal structure of the Sir4-C1 coiled coil throughout the length of the coiled-coil sequence. The polar residues K1288, N1309, T1323, and K1337 in the a (Figure 2 ) and suggests that the coiled-coil region is completely folded at low micromolar concentrations of position make close van der Waals packing interactions with their dimerization partners using the aliphatic carthe monomer. The CD spectrum of a shorter Sir4-C2 peptide spanning only the coiled-coil region of Sir4-C1 bons of their side chains. The polar atoms of the side chains from K1288, T1323, and K1337 point away from (Figure 1 ) has a similar value at 222 nM to the longer Sir4-C1 peptide ( Figure 3B ). Deconvolution of the CD the dimer interface and toward solvent. However, N1309 is oriented so that it could hydrogen bond with N1309Ј spectrum of Sir4-C2 again reveals about 70 residues in an ␣-helical conformation (Table 2) . These results conof the apposing subunit, similar to the interaction of (B) A helical wheel representation of the repeated sequence of the Sir4 coiled coil highlighting the a and d positions at the center of the dimer interface. The positions of the heptad repeat are labeled a-g. Solvent-exposed residues that were mutated to identify the binding site for Sir3 (cf. suggest that residues 1198-1270 of Sir4 serve as a loosely structured, flexible link between the C-terminal coiled-coil dimerization motif and the N-terminal region that includes the binding site for Sir2. In support of this notion, this region is susceptible to proteolytic degradation as discussed below.
The Sir4-C1 protein elutes from a gel filtration column as a single species, yet the estimated molecular weight relative to globular protein standards is about 1.5-fold larger than the calculated mass of the Sir4-C1 dimer. The rod-like shape of the coiled coil as well as the appended unstructured region of Sir4-C1 could affect this molecular weight estimate. We therefore used the technique of equilibrium sedimentation to estimate the native size of the Sir4-C1 peptide (Table 3 ure 4). The Sir4-C2 coiled coil binds as efficiently as patches of residues, amino acid substitutions at many of the surrounding residue positions had no effect on Sir4-C1, indicating that the upstream disordered region of Sir4-C1 does not significantly contribute to the interSir3 binding in the pull-down assay ( Figure 5A ). These experiments show that the coiled-coil domain of Sir4 action with Sir3. We conclude that, in addition to dimerizing Sir4, the C-terminal coiled-coil domain contains interacts directly and specifically with Sir3. Given the stability of the Sir4 coiled-coil dimer and the presence the binding site for the Sir3 protein.
Based on the crystal structure of Sir4-C1, a series of of two identical binding sites for Sir3, it seemed likely that Sir3 and Sir4 would interact in a 2:2 complex (Figure point mutants were generated with amino acids substituted on the surface of the coiled coil in order to identify 5B). This binding stoichiometry could facilitate polyvalent interactions with other proteins during the establishthe binding site for Sir3. Initially, eleven mutations were designed that spanned the length of the Sir4-C2 coiled ment and spreading of silenced DNA. The region of Sir3 that interacts with Sir4 was precoil at exposed positions that should not interfere with dimerization. The mutant proteins were overexpressed viously localized to a fragment of Sir3 spanning residues 482-835 (Moazed et al., 1997). In order to more precisely in E. coli as GST fusions for pull-down assays with Sir3T. Most of the mutant Sir4 peptides bound to Sir3T about define the Sir3 side of the Sir3-Sir4 interface, a series of N-terminally truncated Sir3 fragments were tested for as efficiently as wild-type Sir4-C2 ( Figure 5A ). The K1324E and K1325E mutants showed a slight and varibinding to GST-Sir4-C2 ( Figure 5C ). Whereas a C-terminal fragment of Sir3 starting at residue 495 binds efficiently able decrease in binding efficiency in several independent experiments ( Figure 5A ). However, the I1311N muto Sir4-C1, larger N-terminal deletions extending beyond residue 510 fail to interact with Sir4 ( Figures 5C and 5D ). tant consistently failed to interact with Sir3 ( Figure 5A ). Ten more mutant Sir4 proteins were prepared with subTherefore, the region of Sir3 spanning residues 495-521 is particularly crucial for interactions with Sir4. Secondstitutions of surface residues around I1311. The M1307N mutation prevented binding to Sir3, whereas the E1310R ary structure predictions based on the amino acid sequence of Sir3 suggest that residues 505-516 could mutation strongly interfered with Sir3 binding ( Figure  5A) . As a control, we confirmed by CD spectroscopy adopt an ␣-helical conformation. However, we observed that the N-terminal region of the Sir3T protein is suscepthat the I1311N, M1307N, and E1310R mutant peptides without the GST affinity tag are well-folded ␣ helices, tible to proteolytic degradation. Digestion of Sir3T with elastase, trypsin, or chymotrypsin produces a fragment like the wild-type Sir4 coiled coil (data not shown). The residues that are critical for binding to Sir3 are clustered with an apparent molecular weight of ‫05ف‬ kDa (estimated by SDS-PAGE) that is resistant to further degratogether near the middle of the Sir4 coiled coil, forming two predominantly hydrophobic patches on both subdation. A Western blot of these digestion products confirmed that all three enzymes cleave at the N terminus units of the dimer (Figures 1B and 5B) . Although the Sir3 interaction surface might extend outside of these small of Sir3T while leaving intact a C-terminal His 6 affinity tag. Amino acid sequencing shows that elastase cleaves fitting the data for an interaction involving two multimeric proteins, together with the vastly different sizes of the Sir3 after residue 527. These findings suggest the critical residues at the N terminus of Sir3T that are required for Sir4-C1 dimer and the Sir3 dimer, we decided to investigate the Sir4-Sir3 complex by another method. Isotherits interactions with Sir4 are exposed and susceptible to proteolysis in the absence of the Sir4 protein.
mal titration calorimetry (ITC) was used to measure the molar stoichiometry of Sir4 and Sir3 proteins in the complex. The Sir4-C1 peptide (200 M stock) was injected A Sir3 Dimer Binds to the Coiled Coil of Sir4 into a reaction cell containing Sir3T (25 M). The interacThe Sir4 coiled coil is a stable dimer that binds to Sir3 tion of Sir4 with Sir3 is strongly endothermic when mea- (Table 3 ). The native state of the Sir3T protein was simisured at an ambient temperature of 10ЊC ( Figure 6A ). In larly analyzed by gel filtration and by sedimentation contrast, a control experiment in which Sir4-C1 was equilibrium experiments. Sir3T elutes as a single species injected in the absence of the Sir3 protein generates from a gel filtration column with an apparent molecular only small exothermic peaks that correspond to the diluweight of about 120 kDa (data not shown), or roughly tion heat of the Sir4 protein. The magnitude of the dilutwice the size predicted for the 516-residue Sir3T monotion heat of Sir4-C1 is very similar to the peaks observed mer. Sedimentation equilibrium experiments confirmed at the end of the titration experiment when Sir3 binding that native Sir3T is a dimer (Table 3) ; data not shown). This suggests that the enthalpy change associated with protein complex formation is strongly temperature dependent. In other words, the binding of Sir4 to Sir3 is associated with a large and negative change in heat capacity. This is the thermodynamic signature of a binding reaction that is coupled to the folding of a protein or some other event resulting in the burial of an unusually large amount of exposed surface area in the complex (Jele- To test this idea, we prepared the 613-residue Sir4-C3 protein that spans the binding sites for both Sir2 and Sir3 are stable dimers in solution (Table 3) Figure 7A, lane 3) or Sir3T (lane 4), binary complexes of these proteins can be affinity purified with glutathione agarose beads. In control experiments Sir2 and Sir3T did not bind to GST-agarose beads or to glutathione-S-transferase protein immobilized on the beads (data not shown). On the basis of the Coomassie staining intensities of the proteins in these complexes, it appears that not all of the Sir4-C3 protein is available for interaction with Sir2 or Sir3T, perhaps because of aggregation of Sir4-C3 or interference by the chaperone protein that copurified with Sir4-C3. Despite this limitation of our assay, it is evident that the binding sites for Sir2 and for Sir3T are accessible in the longer Sir4-C3 protein.
We next asked whether Sir3 can bind to Sir4-C3 in complex with Sir2. The Sir4-C3 protein ( Figure 1A ) was immobilized on glutathione agarose beads and preincubated with a 25-fold molar excess of Sir2 to saturate binding before exchanging the beads into a 10-fold molar excess of Sir3T ( Figure 7A, lane 6) . Sir3T binds as efficiently to a complex of Sir4-C3 with Sir2 as it does to Sir4-C3 alone ( Figure 7A, compare lanes 4 and 6) . The lack of competition shows that Sir2 and Sir3 bind independently to Sir4-C3. We confirmed that Sir3T binds specifically in the ternary complex of Sir2/Sir4/Sir3 by repeating the pull-down experiment using a point mutant designed to block the interaction of Sir3 with the coiled-coil domain of Sir4-C3 (the I1311N mutation; Figure 5A) . The I1311N mutant Sir4-C3 protein fails to interact with Sir3T, whereas this mutation does not affect binding by Sir2 ( Figure 7B, compare lanes 3 and 6) . It is also noteworthy that Sir2 does not rescue the interaction of Sir3T with the Sir4 I1311N mutant, giving no 
